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ABSTRACT 28 
blaNDM genes confer carbapenem resistance and have been identified on transferable plasmids 29 
belonging to different incompatibility (Inc) groups. Here we present the complete sequences 30 
of four plasmids carrying a blaNDM gene, pKP1-NDM-1, pEC2-NDM-3, pECL3-NDM-1 and 31 
pEC4-NDM-6, from four clinical samples originating from four different patients. Different 32 
plasmids carry segments that align to different parts of the blaNDM region found on 33 
Acinetobacter plasmids. pKP1-NDM-1 and pEC2-NDM-3, from Klebsiella pneumoniae and 34 
Escherichia coli, respectively, were identified as type 1 IncA/C2 plasmids with almost 35 
identical backbones. Different regions carrying blaNDM are inserted in different locations in 36 
the antibiotic resistance island known as ARI-A and ISCR1 may have been involved in 37 
acquisition of blaNDM-3 by pEC2-NDM-3. pECL3-NDM-1 and pEC4-NDM-6, from 38 
Enterobacter cloacae and E. coli, respectively, have similar IncFIIY backbones but different 39 
regions carrying blaNDM are found in different locations. Tn3-derived Inverted-repeat 40 
Transposable Elements (TIME) appear to have been involved in acquisition of blaNDM-6 by 41 
pEC4-NDM-6 and the rmtC 16S rRNA methylase gene by IncFIIY plasmids. Characterisation 42 
of these plasmids further demonstrates that even very closely related plasmids may have 43 
acquired blaNDM genes by different mechanisms. These findings also illustrate the complex 44 
relationships between antimicrobial resistance genes, transposable elements and plasmids and 45 
provide insights into the possible routes for transmission of blaNDM genes amongst species of 46 
the Enterobacteriaceae family. 47 
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In Gram-negative bacteria, especially the Enterobacteriaceae family, β-lactamases are the 48 
major mechanism of resistance against β-lactams. In particular, β-lactamases known as 49 
carbapenemases are becoming a key concern in the effective administration of antimicrobial 50 
therapy, as they can confer resistance to carbapenems, a major last-line antimicrobial. The 51 
NDM carbapenemase was first reported in 2009, produced by a Klebsiella pneumoniae 52 
isolated from a Swedish patient recently returned from India (1). There are currently 16 53 
known NDM variants (http://www.lahey.org/Studies/other.asp#table1, accessed April 2016) 54 
and blaNDM genes have now been reported in strains sourced from every inhabitable continent 55 
and in multiple species of Enterobacteriaceae, including Escherichia coli, K. pneumoniae 56 
and Enterobacter cloacae (2).  57 
Plasmids are important vehicles for the capture, accumulation and spread of various 58 
antimicrobial resistance determinants. Several different types of plasmids associated with the 59 
Enterobacteriaceae family have been reported to harbor blaNDM genes, including IncA/C, 60 
IncFII sub-types, IncH types, IncL/M, IncN (2-4), and IncX (5). Some of these plasmids co-61 
harbour additional antimicrobial resistance genes, including the 16S rRNA methylase genes 62 
armA and rmtC (conferring high-level aminoglycoside resistance), quinolone resistance genes 63 
(qnrB1 and qnrS1) and/or other β-lactamase genes (such as blaCMY-2 and variants, blaCTX-M-15) 64 
(6).  65 
The original source of blaNDM is not known, but Acinetobacter spp. may have acted as an 66 
intermediate between this organism and the Enterobacteriacae family (7-9). In Acinetobacter 67 
spp. blaNDM genes have often been observed within the 10,099 bp composite transposon 68 
Tn125 that is bounded by two copies of ISAba125 (9-12). The blaNDM gene starts 93 bp 69 
downstream of the right-hand end (IRR) of ISAba125, which provides the -35 region of a 70 
promoter (13, 14), and is followed by several genes, including bleMBL (bleomycin resistance), 71 
trpF (involved in tryptophan biosynthesis), and the mobile element ISCR27. In several 72 
5 
 
Acinetobacter spp. plasmids (e.g. pNDM-BJ01; GenBank accession no. JQ001791 (15)), 73 
ISAba14 and an aphA6 gene (amikacin resistance) are present upstream of the ISAba125 74 
adjacent to blaNDM-1 (Fig. 1A). In plasmids from the Enterobacteriaceae, blaNDM genes are 75 
generally found in this immediate genetic context, with at least a fragment of ISAba125 76 
containing the -35 promoter region present upstream, within different length fragments 77 
matching Acinetobacter plasmids and associated with different mobile elements (3, 16-21).  78 
We previously reported locally-identified K. pneumoniae (22) and E. cloacae (23) clinical 79 
isolates carrying blaNDM-1, E. coli carrying blaNDM-3 (G283A, Asp95Asn) (23) and E. coli 80 
carrying blaNDM-6 (C698T, Ala233Val) (24). The blaNDM gene could be transferred from all 81 
four isolates by transformation and/or conjugation, indicating a plasmid location in each case, 82 
but replicon types were not determined (22-24). In this study, we present the complete 83 
sequences of these four plasmids and a comparison of the genetic contexts of blaNDM with 84 
those in closely related plasmids. 85 
 86 
MATERIALS AND METHODS 87 
Bacterial isolates and plasmids. K. pneumoniae KP1 (22) and E. cloacae ECL3 carrying 88 
blaNDM-1 (23) were isolated in Australia, as was E. coli EC2 carrying blaNDM-3 (23), while E. 89 
coli EC4 carrying blaNDM-6 (previously designated ARL10/167 (24)) was isolated in New 90 
Zealand. All isolates were from patients recently returned from India. Transconjugants in 91 
sodium-azide resistant E. coli J53Azir were available and/or were obtained by conjugation on 92 
solid media, as previously described (17).  93 
DNA preparation and sequencing. Genomic DNA (gDNA) was extracted from all four 94 
isolates using the UltraClean Microbial DNA Isolation kit (Mo Bio Laboratories, Inc., 95 
Carlsbad, California, USA). DNA from KP1, ECL3 and EC4 was sequenced by Illumina 96 
HiSeq 2000 technology (Illumina, San Diego, USA). Illumina sequences were de novo 97 
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assembled using CLC genomic workbench v8.0 (CLC Bio, Aarhus, Denmark). Initial 98 
annotation of contigs was performed using RAST (25). IS finder (https://www-is.biotoul.fr/) 99 
and the Repository of Antibiotic-resistance Cassettes (RAC; http://rac.aihi.mq.edu.au/rac/) 100 
were used to identify IS and integron components, respectively. BLAST 101 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) searches were used to identify related plasmids 102 
carrying blaNDM to guide PCR-based gap closure and Sanger sequencing (Macrogen, Korea) 103 
to assemble contigs into complete plasmids.  104 
gDNA from EC2 was sheared using a g-TUBE (Covaris®) into fragment sizes targeted at 20 105 
Kb. Following purification, SMRTbell template libraries were prepared using the commercial 106 
Template Preparation kit (Pacific Biosciences Inc., Menlo Park, California, USA) and 107 
sequenced on a Pacific Biosciences (PacBio) RSII instrument (University of Queensland 108 
Centre for Clinical Genomics; UQCCG) using the P6 polymerase and C4 sequencing 109 
chemistry. The raw PacBio sequence data were assembled de novo using the hierarchical 110 
genome assembly process (HGAP version 2) and Quiver (26) from the SMRT Analysis 111 
software suite (version 2.3.0; http://www.pacb.com/devnet/) with default parameters and a 112 
seed read cut-off of 17,000 bp. Following assembly, contigs were examined for overlapping 113 
5' and 3' ends (a characteristic feature of the HGAP assembly process) using Contiguity 114 
(https://peerj.com/preprints/1037/) and were manually trimmed to generate circular contigs. 115 
Raw sequence reads were then mapped back onto the assembled circular plasmid contig 116 
(BLASR (27) and Quiver) to validate the assembly and resolve any remaining errors.  117 
RAST, IS finder, RAC, CLC genomic workbench v8.0, Geneious R9 (Biomatters Ltd, New 118 
Zealand, including Mauve (28)) and BLAST were used for manual annotation, alignment, 119 
SNP detection, and other analysis and comparisons of complete plasmid sequences.  120 
Nucleotide sequence accession numbers. Existing GenBank entries for partial sequences of 121 
all four plasmids were updated to include the complete sequences, as follows: pKP1-NDM-1, 122 
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KF992018; pEC2-NDM-3, KC999035; pECL3-NDM-1, KC887917; pEC4-NDM-6, 123 
KC887916. 124 
 125 
RESULTS AND DISCUSSION 126 
General features of plasmids carrying blaNDM. Isolates KP1, EC2, ECL3, EC4 each 127 
transferred a plasmid carrying blaNDM to E. coli J53Azir by conjugation. Plasmids carrying 128 
blaNDM assembled from whole genome sequences (at least 50 fold coverage) were designated 129 
pKP1-NDM-1, pEC2-NDM-3, pECL3-NDM-1 and pEC4-NDM-6, respectively. pKP1-130 
NDM-1 (137,552 bp) and pEC2-NDM-3 (160,989 bp) were identified as type 1 IncA/C2 131 
(Table 1). The backbones of pKP1-NDM-1 and pEC2-NDM-3 are very closely related to 132 
those of several other type 1 IncA/C2 plasmids (Table S1) and include characteristic IncA/C2 133 
core regions, such as the conjugative transfer (tra) region and parA-parB required for plasmid 134 
partitioning (29). They have identical replication regions, with a repA gene and fourteen 19 135 
bp direct repeat sequences (iterons), which are binding sites for the RepA protein (29). pKP1-136 
NDM-1 and pEC2-NDM-3 both have the same ISEcp1 transposition unit carrying a blaCMY-2 137 
variant, in this case blaCMY-6, inserted in the same location as in many other type 1 IncA/C2 138 
plasmids, between traA and traC, flanked by 5 bp direct repeats (DR). Neither carries 139 
Tn6170 present in some type 1 IncA/C2 plasmids (30). 140 
pECL3-NDM-1 (99,435 bp) and pEC4-NDM-6 (110,786 bp) are both IncFIIY type plasmids 141 
(Table 1) carrying two replicons, classified as Y4 (repA) and FIB36 (repB) by the replicon 142 
sequence typing (RST) scheme (31). The backbones of both plasmids are closely related to 143 
those of other IncFIIY plasmids carrying blaNDM (Table 1), which have not been well studied 144 
but include a conjugation (tra) region and stability (psi, parAB) and maintenance (ccdAB) 145 
genes (18, 19).  146 
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Both IncA/C2 plasmids carry blaNDM in antibiotic resistance island ARI-A. In both 147 
IncA/C2 plasmids sequenced here the blaNDM gene is located within an antibiotic resistance 148 
island known as ARI-A, which is found in exactly the same location in different type 1 149 
IncA/C2 plasmids, between two tra regions (29, 30). The prototype ARI-A, found in 150 
pRMH760, is a complex hybrid transposon structure bounded by 38 bp inverted repeats (IR) 151 
interrupted by IS4321 and is inserted upstream of the rhs gene (unknown function) flanked 152 
by 5 bp DR (TTGTA) (30, 32). ARI-A in pRMH760 carries a class 1 In/Tn, with IS26-153 
aphA1-IS26 interrupting the Tn402 tni region, and other resistance genes. Islands carrying 154 
blaNDM appear to be derived from this structure, with deletions of part of the adjacent rhs 155 
gene in some cases (3). In pNDM102337 (Table 1; Fig. 1B) nucleotides 1-1,616 of the 3′-CS 156 
of the class 1 integron are followed by a 3,562 bp region carrying a type III restriction-157 
modification system and the rmtC 16S rRNA methylase gene, then 224 bp of the IRR end of 158 
ISEcp1. ISEcp1 is truncated by ISKpn14, which is followed by a 198 bp fragment of 159 
ISAba14, then a region found on a number of different plasmids that contains the aac(3)-IId 160 
(gentamicin resistance) gene and ISCfr1 (33). The adjacent fragment of the Tn402 tni region 161 
has the same boundary with IS26 as in ARI-A of pRMH760, but only 217 bp of IS26 is 162 
present. This is followed by an 8,913 bp region matching Acinetobacter plasmids such as 163 
pNDM-BJ01, which includes 662 bp of the right end of ISAba14, aphA6, one copy of 164 
ISAba125, blaNDM-1 and a fragment of ISCR27.  165 
pNDM10505, pNDM-PstGN576 and pNDM-EcoGN568 (Table 1) have a variant of the 166 
pNDM102337 ARI-A with a second ISKpn14 inserted 130 bp upstream of the left end of 167 
ISAba125 (Fig. 1B). ISKpn14-mediated deletion may have been responsible for creating the 168 
ARI-A variant present in the other closely-related type 1 IncA/C2 plasmids pNDM-US, 169 
pNDM-US-2, pNDM-KN and pNDM10469, which lack the aac(3)-IId region (Table 1; Fig. 170 
1B) (3). pKP1-NDM-1 sequenced here has an almost identical ARI-A except that only 89 bp 171 
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of ISAba125 are present adjacent to ISKpn14 upstream of blaNDM. This difference was 172 
confirmed by re-examining raw reads, has been seen in other partial sequences (17, 34) and 173 
ISKpn14 is ~89% identical to IS1, which is known to cause adjacent deletions (33). All of 174 
these type 1 IncA/C2 plasmids except pNDM-KN have the same cassette array, consisting of 175 
single fused cassette comprised of the first 87 bp of the blaOXA-30 cassette and position 17 to 176 
the end of the aacA4 cassette, overlapping by a single A (35). The mechanism(s) responsible 177 
for insertion of the blaNDM region into the proposed pNDM102337-like progenitor plasmid 178 
are unclear, but it is possible that they involved ISCR27 and/or IS26 and subsequent 179 
deletion(s). 180 
The backbone of pEC2-NDM-3 is almost identical to the pNDM102337-like plasmids 181 
described above (Table S1) but ISEc23 is inserted 222 bp upstream of ARI-A, flanked by 8 182 
bp DR characteristic of this element. ARI-A of pEC2-NDM-3 includes the same rmtC region 183 
as described above except that IS3000 is inserted upstream of rmtC, flanked by characteristic 184 
5 bp DR. The region containing blaNDM, however, is different from the one in the other 185 
IncA/C2 plasmids and is inserted between ISKpn14 and the aac(3)-IId/ISCfr1/tni402 region. 186 
The region matching pNDM-BJ01 encompasses 198 bp of ISAba14, aphA6, one copy of 187 
ISAba125, blaNDM, bleMBL and trpF. ISKpn25, carrying a restriction-modification system, is 188 
inserted in ISAba125 upstream of the -35 promoter region, flanked by characteristic 8 bp DR 189 
(Fig. 1B). The blaNDM gene has the single nucleotide change giving blaNDM-3 rather than 190 
blaNDM-1 and trpF is followed by a truncated blaDHA gene and the associated ampR gene, 191 
nucleotides 180-1,313 of the 3'-CS and ISCR1. This region is separated from a complete 192 
ISAba14 by 934 bp matching the region upstream of ISAba14 in pNDM-BJ01. ARI-A in 193 
pEC2-NDM-3 ends with the aac(3)-IId/ISCfr1/tni402 region but a complete copy of IS26 194 
truncates the rhs gene in the IncA/C2 backbone. The only other known location of the blaNDM-195 
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3 variant is on an IncFII plasmid (36) associated with ISCR1 but not with the truncated 196 
blaDHA/ampR region present in pEC2-NDM-3.  197 
This context in pEC2-NDM-3 suggests insertion of blaNDM from a circular molecule mediated 198 
by ISCR1. ISCR1 is proposed to transpose by a rolling-circle mechanism, similar to the 199 
related IS91 family elements (37), in which replication proceeds from the oriIS end, located 200 
downstream of rcr (rolling circle replicase gene), towards the terIS upstream and can 201 
continue into and capture an adjacent region. ISCR1 has generally been found associated with 202 
class 1 integrons, after position 1,313 of the 3′-CS, suggesting integration of circular 203 
molecules by recombination in either the 3′-CS or an existing ISCR1 (37). ISCR1 has 204 
previously been suggested to be associated with movement of blaNDM (38) and was recently 205 
shown to be responsible for mobilising a region containing blaNDM and part of the 3′-CS, but 206 
without the blaDHAΔ/ampR region, between plasmids (20). 207 
ISCR1 appears to have been responsible for capturing the blaDHAΔ/ampR region from the 208 
Morganella morganii chromosome and inserting it into a class 1 integron (39) (Fig. 1C). 209 
Generation of a circular molecule by recombination between the two flanking 3′-CS and 210 
reintegration at ISCR1 could create the arrangement seen in e.g. pKP048 (GenBank accession 211 
no. NC_014312), with ISCR1 downstream of the blaDHAΔ/ampR region and the 3'-CS, and 212 
the usual 3'-CS/ISCR1 boundary (Fig. 1C). ISCR1 may then have mobilised this 3'-CS 213 
segment and the blaDHAΔ/ampR region and inserted them downstream of blaNDM, before 214 
picking up the blaNDM region as part of a circular molecule (Fig. 1C).  215 
The complete ISAba14 in pEC2-NDM-3 has the same boundary with the aac(3)-IId region as 216 
the ISAba14 fragment in pNDM102337, suggesting that homologous recombination between 217 
the complete and partial copies of ISAba14 could have been responsible for the insertion of 218 
this circular molecule into pEC2-NDM-3 (Fig. 1D). The same circular molecule carrying 219 
blaNDM also appears to have inserted in a P. mirabilis genomic island to create PGI-PmPEL 220 
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(38) but in this case by recombination in ISCR1 (Fig. 1D), supporting the proposed 221 
mechanism of ISCR1-mediated capture of blaNDM. Regions containing the same ISCR1, 3'-222 
CS, blaDHAΔ/ampR region, but adjacent to shorter fragments of the blaNDM region, are found 223 
in the original blaNDM-1 plasmid pKpANDM-1 (FN396876.1) (1) and in plasmids of other Inc 224 
types (3) (e.g. the IncL/M plasmid pNDM-HK) (21)), suggesting capture of shorter blaNDM 225 
regions and/or subsequent deletions.  226 
IncFIIY plasmids carry blaNDM flanked by TIMEs. Several very closely related IncFIIY 227 
plasmids carrying a blaNDM gene have now been identified (Table 1). They all have almost 228 
identical backbones with the same insertions of multiple IS elements in the same places, 229 
mostly between the replication (repA) and plasmid stability (parA) regions (Fig. 2) and minor 230 
sequence differences (Table S2). pKP351 (previously named pYDC644) alone appears to 231 
have a deletion adjacent to one copy of IS1 (40). In all of these plasmids blaNDM lies within a 232 
5,945 bp region matching Tn125 that includes 101 bp of ISAba125 and a fragment of 233 
ISCR27. This region is flanked by two copies of a 256 bp Tn3-derived Inverted-repeat 234 
Transposable Element (TIME), each bounded by 38 bp IRs (41). These TIMEs, previously 235 
described as MITEs (Miniature Inverted-repeat Transposable Element), may have been 236 
responsible for capturing the blaNDM region from a pNDM-BJ01-like plasmid (18, 19, 42). 237 
pEC4-NDM-6 is very closely related to these plasmids (Table S2) but has the single 238 
nucleotide change giving blaNDM-6 (43) rather than blaNDM-1, suggesting mutation in this 239 
context. 240 
In most of these IncFIIY plasmids carrying blaNDM, an 11,029 bp region that includes the 241 
rmtC gene and an ISCR6-like element separates the TIME upstream of blaNDM-1 from a third 242 
copy of this TIME. TIME create 5-6 bp DR on transposition like the Tn3 transposons from 243 
which they appear to be derived (41). In these plasmids the 5 bp sequences adjacent to the 244 
"inside" of each TIME flanking the rmtC region are identical (TATAA). This configuration 245 
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could be explained by insertion of a circular molecule, consisting of this region plus one copy 246 
of the TIME (flanked by these 5 bp sequences as DR), into the TIME upstream of blaNDM-1 247 
(Fig. 2B). Gain and loss of the rmtC region in this way is supported by the sequences of the 248 
IncFIIY plasmids pP10164-NDM and pNDM-EC14653 (Table 1; Fig. 2B), which lack the 249 
rmtC region. Removing the TIME and one DR of this circular molecule also gives a region 250 
that matches the rmtC region found in ARI-A of the IncA/C2 plasmids, also supporting this 251 
hypothesis. rmtC was originally identified in a transposition unit flanked by DR with a 252 
complete copy of ISEcp1 that also matches part of this structure (Fig. 2C) (44). The same 30 253 
bp separate rmtC from this complete ISEcp1 and the ISEcp1 fragment in IncA/C2 plasmids, 254 
while an additional 10 bp are present between ISCR6 and rmtC. While these contexts are 255 
clearly related, without additional examples of rmtC contexts it is difficult to say exactly how 256 
each arose.  257 
pECL3-NDM-1 carries the same rmtC region as the other IncFIIY plasmids but its backbone 258 
has a number of confirmed nucleotide differences (Table S2) and a different region carrying 259 
blaNDM-1 has been inserted in a different location (Fig. 2B). This region matches pNDM-260 
BJ02, which lacks the copy of ISAba125 downstream of blaNDM (3), rather than pNDM-BJ01, 261 
and also includes 1,369 bp of pNDM-BJ02 backbone. An IS903-like element truncates 262 
ISAba125, leaving 83 bp upstream of blaNDM-1. This 10,411 bp region replaces a 15,560 bp 263 
region present in the other IncFIIY plasmids and it is possible that the IS903-like element was 264 
involved in the insertion of this blaNDM region into pECL3-NDM-1.  265 
Conclusions. In summary, the analysis presented in this study supplements and complements 266 
the catalogue of previously characterised IncA/C2 and IncFIIY plasmids carrying blaNDM. All 267 
four plasmids studied here carry segments that align to different parts of the blaNDM regions 268 
found on Acinetobacter plasmids. Different mechanisms appear to have been responsible for 269 
independently transferring different segments of Tn125 into ARI-A in the same IncA/C2 270 
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plasmid backbone (giving pKP1-NDM-1-type plasmids or pEC2-NDM-3). Other less 271 
closely-related type 1 IncA/C2 plasmids e.g. pNDM-1_Dok01 from E. coli (45) and 272 
pMR0211 from Providencia stuartii (46), also carry segments matching different parts of 273 
Tn125 and adjacent Acinetobacter plasmid backbone in ARI-A, illustrating further variation 274 
in the ways in which blaNDM genes appear to have been acquired by similar plasmids. 275 
Different mechanisms also appear to have transferred different segments matching blaNDM 276 
contexts found in A. baumannii to slightly different IncFIIY backbones (giving pEC4-NDM-277 
1-type plasmids or pECL3-NDM-1). 278 
At least theoretically, transfer of blaNDM segments between Acinetobacter and 279 
Enterobacteriaceae plasmids could have occurred in either Acinetobacter or in one or more 280 
of the Enterobacteriaceae. Transfer of Acinetobacter plasmids carrying blaNDM into E. coli 281 
J53 by conjugation has been demonstrated (12, 13) and recently a pNDM-BJ01-like plasmid 282 
(p3SP-NDM) was found in an Enterobacter aerogenes isolate (47). IncA/C plasmids have 283 
also been reported in a few A. baumannii clinical isolates on the basis of PCR (48). While 284 
independent transfer from Acinetobacter plasmids to different types of plasmids found in the 285 
Enterobacteriaceae is possible, it may be more likely that blaNDM regions have subsequently 286 
moved between these plasmids in the Enterobacteriaceae. 287 
The four plasmids in this study were carried by clinical isolates from Australia or New 288 
Zealand, from different patients recently returning from India. We have also recently reported 289 
partial sequences of blaNDM contexts matching pKP1-NDM-1 (with the 89 bp ISAba125 290 
fragment) in IncA/C plasmids harboured by isolates from a hospital in Pakistan (17) and 291 
those matching pECL3-NDM-1 or pEC4-NDM-6 in IncFIIY plasmids in isolates from 292 
multiple Australian healthcare facilities (16). The other related IncA/C2 and IncFIIY plasmids 293 
harbouring blaNDM genes discussed here were also isolated in several different countries 294 
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(Table 1). This distribution illustrates the geographical spread of blaNDM genes on these 295 
particular plasmid types.  296 
There appears to be an underlying complex network of interactions between blaNDM, different 297 
mobile elements and different plasmids, but without access to the sequences of additional 298 
intermediate and progenitor plasmids it is difficult to fully understand the contributions that 299 
different factors have to the transmission of blaNDM genes. The different mechanisms 300 
observed here to capture relevant genes onto different plasmid types emphasize the capability 301 
of Enterobacteriaceae to adapt to their environment, especially where antimicrobial pressure 302 
is present.   303 
 304 
ACKNOWLEDGEMENTS 305 
We thank George Jacoby for providing the E. coli J53Azr strain. Sequencing was funded by 306 
the Australian Infectious Diseases Research Centre. Part of this work was funded by Project 307 
grant G1033799 from the National Health and Medical Research Council of Australia 308 
(NHMRC). MAS is supported by a NHMRC Senior Research Fellowship (G1106930). SAB 309 
is supported by a NHMRC Career Development Fellowship (G1090456).   310 
15 
 
REFERENCES 311 
1. Yong D, Toleman MA, Giske CG, Cho HS, Sundman K, Lee K, Walsh TR. 2009. 312 
Characterization of a new metallo-β-lactamase gene, blaNDM-1, and a novel erythromycin 313 
esterase gene carried on a unique genetic structure in Klebsiella pneumoniae sequence 314 
type 14 from India. Antimicrob. Agents Chemother. 53:5046-5054. 315 
http://dx.doi.org/10.1128/AAC.00774-09. 316 
2. Wailan AM, Paterson DL. 2014. The spread and acquisition of NDM-1: a 317 
multifactorial problem. Expert Rev. Anti Infect. Ther. 12:91-115. 318 
http://dx.doi.org/10.1586/14787210.2014.856756. 319 
3. Partridge SR, Iredell JR. 2012. Genetic contexts of blaNDM-1. Antimicrob. Agents 320 
Chemother. 56:6065-6067. http://dx.doi.org/10.1128/AAC.00117-12. 321 
4. Carattoli A. 2013. Plasmids and the spread of resistance. Int. J. Med. Microbiol. 322 
303:298-304. http://dx.doi.org/10.1016/j.ijmm.2013.02.001. 323 
5. Ho PL, Li Z, Lo WU, Cheung YY, Lin CH, Sham PC, Cheng VC, Ng TK, Que TL, 324 
Chow KH. 2012. Identification and characterization of a novel incompatibility group X3 325 
plasmid carrying blaNDM-1 in Enterobacteriaceae isolates with epidemiological links to 326 
multiple geographical areas in China. Emerg. Microbes Infect. 1:e39. 327 
http://dx.doi.org/10.1038/emi.2012.37. 328 
6. Nordmann P, Dortet L, Poirel L. 2012. Carbapenem resistance in Enterobacteriaceae: 329 
here is the storm! Trends Mol. Med. 18:263-272. 330 
http://dx.doi.org/10.1016/j.molmed.2012.03.003. 331 
7. Bonnin RA, Poirel L, Naas T, Pirs M, Seme K, Schrenzel J, Nordmann P. 2012. 332 
Dissemination of New Delhi metallo-β-lactamase-1-producing Acinetobacter baumannii 333 
in Europe. Clin. Microbiol. Infect. 18:e362-365. http://dx.doi.org/10.1111/j.1469-334 
0691.2012.03928.x. 335 
16 
 
8. Bonnin RA, Poirel L, Nordmann P. 2014. New Delhi metallo-β-lactamase-producing 336 
Acinetobacter baumannii: a novel paradigm for spreading antibiotic resistance genes. 337 
Future Microbiol. 9:33-41. http://dx.doi.org/10.2217/fmb.13.69. 338 
9. Toleman MA, Spencer J, Jones L, Walsh TR. 2012. blaNDM-1 is a chimera likely 339 
constructed in Acinetobacter baumannii. Antimicrob. Agents Chemother. 56:2773-2776. 340 
http://dx.doi.org/10.1128/AAC.06297-11. 341 
10. Poirel L, Bonnin RA, Boulanger A, Schrenzel J, Kaase M, Nordmann P. 2012. 342 
Tn125-related acquisition of blaNDM-like genes in Acinetobacter baumannii. Antimicrob. 343 
Agents Chemother. 56:1087-1089. http://dx.doi.org/10.1128/AAC.05620-11. 344 
11. Pfeifer Y, Wilharm G, Zander E, Wichelhaus TA, Gottig S, Hunfeld KP, Seifert H, 345 
Witte W, Higgins PG. 2011. Molecular characterization of blaNDM-1 in an Acinetobacter 346 
baumannii strain isolated in Germany in 2007. J. Antimicrob. Chemother. 66:1998-2001. 347 
http://dx.doi.org/10.1093/jac/dkr256. 348 
12. Fu Y, Du X, Ji J, Chen Y, Jiang Y, Yu Y. 2012. Epidemiological characteristics and 349 
genetic structure of blaNDM-1 in non-baumannii Acinetobacter spp. in China. J. 350 
Antimicrob. Chemother. 67:2114-2122. http://dx.doi.org/10.1093/jac/dks192. 351 
13. Wang Y, Wu C, Zhang Q, Qi J, Liu H, Wang Y, He T, Ma L, Lai J, Shen Z, Liu Y, 352 
Shen J. 2012. Identification of New Delhi metallo-β-lactamase 1 in Acinetobacter lwoffii 353 
of food animal origin. PLoS One 7:e37152. 354 
http://dx.doi.org/10.1371/journal.pone.0037152. 355 
14. Dortet L, Nordmann P, Poirel L. 2012. Association of the emerging carbapenemase 356 
NDM-1 with a bleomycin resistance protein in Enterobacteriaceae and Acinetobacter 357 
baumannii. Antimicrob. Agents Chemother. 56:1693-1697. 358 
http://dx.doi.org/10.1128/AAC.05583-11. 359 
17 
 
15. Hu H, Hu Y, Pan Y, Liang H, Wang H, Wang X, Hao Q, Yang X, Yang X, Xiao X, 360 
Luan C, Yang Y, Cui Y, Yang R, Gao GF, Song Y, Zhu B. 2012. Novel plasmid and 361 
its variant harboring both a blaNDM-1 gene and type IV secretion system in clinical 362 
isolates of Acinetobacter lwoffii. Antimicrob. Agents Chemother. 56:1698-1702. 363 
http://dx.doi.org/10.1128/AAC.06199-11. 364 
16. Wailan AM, Paterson DL, Kennedy K, Ingram PR, Bursle E, Sidjabat HE. 2015. 365 
Genomic characteristics of NDM-producing Enterobacteriaceae in Australia and their 366 
blaNDM genetic contexts. Antimicrob. Agents Chemother. 60. 367 
http://dx.doi.org/10.1128/AAC.01243-15. 368 
17. Wailan AM, Sartor AL, Zowawi HM, Perry JD, Paterson DL, Sidjabat HE. 2015. 369 
The genetic contexts of blaNDM-1 in patients carrying multiple NDM-producing strains. 370 
Antimicrob. Agents Chemother. 59:7405-7410. http://dx.doi.org/10.1128/AAC.01319-15. 371 
18. Huang TW, Wang JT, Lauderdale TL, Liao TL, Lai JF, Tan MC, Lin AC, Chen 372 
YT, Tsai SF, Chang SC. 2013. Complete sequences of two plasmids in a blaNDM-1-373 
positive Klebsiella oxytoca isolate from Taiwan. Antimicrob. Agents Chemother. 374 
57:4072-4076. http://dx.doi.org/10.1128/AAC.02266-12. 375 
19. Sun F, Yin Z, Feng J, Qiu Y, Zhang D, Luo W, Yang H, Yang W, Wang J, Chen W, 376 
Xia P, Zhou D. 2015. Production of plasmid-encoding NDM-1 in clinical Raoultella 377 
ornithinolytica and Leclercia adecarboxylata from China. Front Microbiol. 6:458. 378 
http://dx.doi.org/10.3389/fmicb.2015.00458. 379 
20. Li J, Lan R, Xiong Y, Ye C, Yuan M, Liu X, Chen X, Yu D, Liu B, Lin W, Bai X, 380 
Wang Y, Sun Q, Wang Y, Zhao H, Meng Q, Chen Q, Zhao A, Xu J. 2014. Sequential 381 
isolation in a patient of Raoultella planticola and Escherichia coli bearing a novel ISCR1 382 
element carrying blaNDM-1. PLoS One 9:e89893. 383 
http://dx.doi.org/10.1371/journal.pone.0089893. 384 
18 
 
21. Ho PL, Lo WU, Yeung MK, Lin CH, Chow KH, Ang I, Tong AH, Bao JY, Lok S, 385 
Lo JY. 2011. Complete sequencing of pNDM-HK encoding NDM-1 carbapenemase 386 
from a multidrug-resistant Escherichia coli strain isolated in Hong Kong. PLoS One 387 
6:e17989. http://dx.doi.org/10.1371/journal.pone.0017989. 388 
22. Sidjabat H, Nimmo GR, Walsh TR, Binotto E, Htin A, Hayashi Y, Li J, Nation RL, 389 
George N, Paterson DL. 2011. Carbapenem resistance in Klebsiella pneumoniae due to 390 
the New Delhi Metallo-β-lactamase. Clin. Infect. Dis. 52:481-484. 391 
http://dx.doi.org/10.1093/cid/ciq178. 392 
23. Rogers BA, Sidjabat HE, Silvey A, Anderson TL, Perera S, Li J, Paterson DL. 2013. 393 
Treatment options for New Delhi metallo-β-lactamase-harboring Enterobacteriaceae. 394 
Microb. Drug Resist. 19:100-103. http://dx.doi.org/10.1089/mdr.2012.0063. 395 
24. Williamson DA, Sidjabat HE, Freeman JT, Roberts SA, Silvey A, Woodhouse R, 396 
Mowat E, Dyet K, Paterson DL, Blackmore T, Burns A, Heffernan H. 2012. 397 
Identification and molecular characterisation of New Delhi metallo-β-lactamase-1 398 
(NDM-1)- and NDM-6-producing Enterobacteriaceae from New Zealand hospitals. Int. 399 
J. Antimicrob. Agents 39:529-533. http://dx.doi.org/doi:10.1016/j.ijantimicag.2012.02.017. 400 
25. Overbeek R, Olson R, Pusch GD, Olsen GJ, Davis JJ, Disz T, Edwards RA, Gerdes 401 
S, Parrello B, Shukla M, Vonstein V, Wattam AR, Xia F, Stevens R. 2014. The 402 
SEED and the Rapid Annotation of microbial genomes using Subsystems Technology 403 
(RAST). Nucleic Acids Res. 42:D206-214. http://dx.doi.org/10.1093/nar/gkt1226. 404 
26. Chin CS, Alexander DH, Marks P, Klammer AA, Drake J, Heiner C, Clum A, 405 
Copeland A, Huddleston J, Eichler EE, Turner SW, Korlach J. 2013. Nonhybrid, 406 
finished microbial genome assemblies from long-read SMRT sequencing data. Nat. 407 
Methods 10:563-569. http://dx.doi.org/10.1038/nmeth.2474. 408 
19 
 
27. Chaisson MJ, Tesler G. 2012. Mapping single molecule sequencing reads using basic 409 
local alignment with successive refinement (BLASR): application and theory. BMC 410 
Bioinformatics 13:238. http://dx.doi.org/10.1186/1471-2105-13-238. 411 
28. Darling AC, Mau B, Blattner FR, Perna NT. 2004. Mauve: multiple alignment of 412 
conserved genomic sequence with rearrangements. Genome Res. 14:1394-1403. 413 
http://dx.doi.org/10.1101/gr.2289704. 414 
29. Harmer CJ, Hall RM. 2015. The A to Z of A/C plasmids. Plasmid 80:63-82. 415 
http://dx.doi.org/10.1016/j.plasmid.2015.04.003. 416 
30. Harmer CJ, Hall RM. 2014. pRMH760, a precursor of A/C2 plasmids carrying blaCMY 417 
and blaNDM genes. Microb. Drug Resist. 20:416-423. 418 
http://dx.doi.org/10.1089/mdr.2014.0012. 419 
31. Villa L, Garcia-Fernandez A, Fortini D, Carattoli A. 2010. Replicon sequence typing 420 
of IncF plasmids carrying virulence and resistance determinants. J. Antimicrob. 421 
Chemother. 65:2518-2529. http://dx.doi.org/10.1093/jac/dkq347. 422 
32. Partridge SR, Hall RM. 2004. Complex multiple antibiotic and mercury resistance 423 
region derived from the r-det of NR1 (R100). Antimicrob. Agents Chemother. 48:4250-424 
4255. http://dx.doi.org/10.1128/AAC.48.11.4250-4255.2004. 425 
33. Partridge SR. 2011. Analysis of antibiotic resistance regions in Gram-negative bacteria. 426 
FEMS Microbiol. Rev. 35:820-855. http://dx.doi.org/10.1111/j.1574-6976.2011.00277.x. 427 
34. Gruber TM, Gottig S, Mark L, Christ S, Kempf VA, Wichelhaus TA, Hamprecht 428 
A. 2015. Pathogenicity of pan-drug-resistant Serratia marcescens harbouring blaNDM-1. J. 429 
Antimicrob. Chemother. 70:1026-1030. http://dx.doi.org/10.1093/jac/dku482. 430 
35. Partridge SR, Tsafnat G, Coiera E, Iredell JR. 2009. Gene cassettes and cassette 431 
arrays in mobile resistance integrons. FEMS Microbiol. Rev. 33:757-784. 432 
http://dx.doi.org/10.1111/j.1574-6976.2009.00175.x. 433 
20 
 
36. Tada T, Miyoshi-Akiyama T, Shimada K, Kirikae T. 2014. Biochemical analysis of 434 
metallo-β-lactamase NDM-3 from a multidrug-resistant Escherichia coli strain isolated 435 
in Japan. Antimicrob. Agents Chemother. 58:3538-3540. 436 
http://dx.doi.org/10.1128/AAC.02793-13. 437 
37. Toleman MA, Bennett PM, Walsh TR. 2006. ISCR elements: novel gene-capturing 438 
systems of the 21st century? Microbiol. Mol. Biol. Rev. 70:296-316. 439 
http://dx.doi.org/10.1128/MMBR.00048-05. 440 
38. Girlich D, Dortet L, Poirel L, Nordmann P. 2015. Integration of the blaNDM-1 441 
carbapenemase gene into Proteus genomic island 1 (PGI1-PmPEL) in a Proteus 442 
mirabilis clinical isolate. J. Antimicrob. Chemother. 70:98-102. 443 
http://dx.doi.org/10.1093/jac/dku371. 444 
39. Verdet C, Arlet G, Barnaud G, Lagrange PH, Philippon A. 2000. A novel integron in 445 
Salmonella enterica serovar Enteritidis, carrying the blaDHA-1 gene and its regulator gene 446 
ampR, originated from Morganella morganii. Antimicrob. Agents Chemother. 44:222-447 
225. http://dx.doi.org/10.1128/AAC.44.1.222-225.2000. 448 
40. Li JJ, Munoz-Price LS, Spychala CN, DePascale D, Doi Y. 2016. New Delhi Metallo-449 
β-Lactamase-1-Producing Klebsiella pneumoniae, Florida, USA. Emerg. Infect Dis. 450 
22:744-746. http://dx.doi.org/10.3201/eid2204.151176. 451 
41. Szuplewska M, Ludwiczak M, Lyzwa K, Czarnecki J, Bartosik D. 2014. Mobility 452 
and generation of mosaic non-autonomous transposons by Tn3-derived inverted-repeat 453 
miniature elements (TIMEs). PLoS One 9:e105010. 454 
http://dx.doi.org/10.1371/journal.pone.0105010. 455 
42. Wu W, Feng Y, Carattoli A, Zong Z. 2015. Characterization of an Enterobacter 456 
cloacae strain producing both KPC and NDM carbapenemases by whole-genome 457 
21 
 
sequencing. Antimicrob. Agents Chemother. 59:6625-6628. 458 
http://dx.doi.org/10.1128/AAC.01275-15. 459 
43. Rasheed JK, Kitchel B, Zhu W, Anderson KF, Clark NC, Ferraro MJ, Savard P, 460 
Humphries RM, Kallen AJ, Limbago BM. 2013. New Delhi metallo-β-lactamase-461 
producing Enterobacteriaceae, United States. Emerg. Infect. Dis. 19:870-878. 462 
http://dx.doi.org/10.3201/eid1906.121515. 463 
44. Wachino J, Yamane K, Shibayama K, Kurokawa H, Shibata N, Suzuki S, Doi Y, 464 
Kimura K, Ike Y, Arakawa Y. 2006. Novel plasmid-mediated 16S rRNA methylase, 465 
RmtC, found in a Proteus mirabilis isolate demonstrating extraordinary high-level 466 
resistance against various aminoglycosides. Antimicrob. Agents Chemother. 50:178-184. 467 
http://dx.doi.org/10.1128/AAC.50.1.178-184.2006. 468 
45. Sekizuka T, Matsui M, Yamane K, Takeuchi F, Ohnishi M, Hishinuma A, Arakawa 469 
Y, Kuroda M. 2011. Complete sequencing of the blaNDM-1-positive IncA/C plasmid 470 
from Escherichia coli ST38 isolate suggests a possible origin from plant pathogens. 471 
PLoS One 6:e25334. http://dx.doi.org/10.1371/journal.pone.0025334. 472 
46. McGann P, Hang J, Clifford RJ, Yang Y, Kwak YI, Kuschner RA, Lesho EP, 473 
Waterman PE. 2012. Complete sequence of a novel 178-kilobase plasmid carrying 474 
blaNDM-1 in a Providencia stuartii strain isolated in Afghanistan. Antimicrob. Agents 475 
Chemother. 56:1673-1679. http://dx.doi.org/10.1128/AAC.05604-11. 476 
47. Chen Z, Li H, Feng J, Li Y, Chen X, Guo X, Chen W, Wang L, Lin L, Yang H, 477 
Yang W, Wang J, Zhou D, Liu C, Yin Z. 2015. NDM-1 encoded by a pNDM-BJ01-478 
like plasmid p3SP-NDM in clinical Enterobacter aerogenes. Front Microbiol. 6:294. 479 
http://dx.doi.org/10.3389/fmicb.2015.00294. 480 
22 
 
48. Zhang GQ, Yao YH, Yu XL, Niu JJ. 2014. A survey of five broad-host-range plasmids 481 
in gram-negative bacilli isolated from patients. Plasmid 74:9-14. 482 
http://dx.doi.org/10.1016/j.plasmid.2014.05.002. 483 
49. Tijet N, Richardson D, MacMullin G, Patel SN, Melano RG. 2015. Characterization 484 
of multiple NDM-1-producing Enterobacteriaceae isolates from the same patient. 485 
Antimicrob. Agents Chemother. 59:3648-3651. http://dx.doi.org/10.1128/AAC.04862-14. 486 
50. Carattoli A, Villa L, Poirel L, Bonnin RA, Nordmann P. 2012. Evolution of IncA/C 487 
blaCMY-2-carrying plasmids by acquisition of the blaNDM-1 carbapenemase gene. 488 
Antimicrob. Agents Chemother. 56:783-786. http://dx.doi.org/10.1128/AAC.05116-11. 489 
51. Poirel L, Revathi G, Bernabeu S, Nordmann P. 2011. Detection of NDM-1-producing 490 
Klebsiella pneumoniae in Kenya. Antimicrob. Agents Chemother. 55:934-936. 491 
http://dx.doi.org/10.1128/AAC.01247-10. 492 
52. Hudson CM, Bent ZW, Meagher RJ, Williams KP. 2014. Resistance determinants and 493 
mobile genetic elements of an NDM-1-encoding Klebsiella pneumoniae strain. PLoS 494 
One 9:e99209. http://dx.doi.org/10.1371/journal.pone.0099209. 495 
53. Qu H, Wang X, Ni Y, Liu J, Tan R, Huang J, Li L, Sun J. 2015. NDM-1-producing 496 
Enterobacteriaceae in a teaching hospital in Shanghai, China: IncX3-type plasmids may 497 
contribute to the dissemination of blaNDM-1. Int. J. Infect. Dis. 34:8-13. 498 
http://dx.doi.org/10.1016/j.ijid.2015.02.020. 499 
23 
 
Figure legends 500 
FIG 1 ARI-A of type 1 IncA/C2 plasmids carrying blaNDM, and potential routes for blaNDM 501 
insertion. IS are shown as block arrows labelled with their name or number. DR are 502 
represented by flags of the same colour. Triangles indicate the insertion sites of IS elements 503 
flanked by DR. Vertical black bars represent the transposon IR of ARI-A and IRi of class 1 504 
In/Tn. Horizontal green and black lines represent Acinetobacter and IncA/C2 plasmid 505 
backbones, respectively. Vertical dotted lines indicate boundaries of closely related 506 
sequences. Vertical black arrows and dotted diagonal lines indicate possible deletion and 507 
insertion events. (A) Tn125 in Acinetobacter lwoffii plasmid pNDM-BJ01. (B) ARI-A of type 508 
1 IncA/C2 plasmids closely related to pKP1-NDM-1 and pEC2-NDM-3. (C) Possible 509 
derivation of the circular molecule inserted in pEC2-NDM-3. (D) Insertion of circular 510 
molecular carrying blaNDM into pEC2-NDM-3 and a P. mirabilis genomic island. The 511 
sequences used to draw these diagrams are from GenBank accession numbers listed in Table 512 
1, plus: pNDM-BJ01, NC_019268; pSAL-1, AJ237702; pKP048, NC_014312; SGI1-V, 513 
HQ888851; PGI1-PmPEL, KF856624.  514 
 515 
FIG 2 Contexts of blaNDM on IncFIIY plasmids. Features are generally shown as in Fig. 1. 516 
Solid black lines represent IncFIIY plasmid backbone. Grey shaded areas indicate matching 517 
plasmid backbone regions, with their sizes given. (A) Tn125 in Acinetobacter lwoffii plasmid 518 
pNDM-BJ01. (B) Comparison of IncFIIY plasmids. (C) Comparison of rmtC contexts in 519 
IncFIIY, plasmids, IncA/C2 ARI-A and Proteus mirabilis. The sequence shown is the spacer 520 
between rmtC and the associated transposable element. The pink triangle indicates the 521 
insertion site of the TIME. The sequences used to draw these diagrams are from GenBank 522 
accession numbers listed in Table 1 plus: pNDM-BJ01, NC_019268; pNDM-BJ02, 523 
NC_019281.1; ISEcp1 transposition unit in P. mirabilis, AB194779.524 
24 
 
TABLE 1 General features of IncA/C2 and IncFIIY plasmids studied here and close relatives. 525 
Plasmida NDM Size (bp) Species STb Countryc Year Source GenBank accession no. Reference 
A/C2       
pKP1-NDM-1 1 137,552 K. pneumoniae 147 India/Australia 2010 Human KF992018.2 This study
pEC2-NDM-3 3 160,989 E. coli 443 India/Australia 2010 Human KC999035.2 This study
pNDM-EcoGN568  1 166,750 E. coli 1289 India/Canada na Human KJ802404.1 (49)
pNDM-PstGN576 1 147,886 P. stuartii N/A India/Canada na Human KJ802405.1 (49)
pNDM102337 1 165,974 E. coli na Canada na na NC_019045.2 -
pNDM10505 1 166,744 E. coli na Canada na na NC_019069.1 -
pNDM10469 1 137,813 K. pneumoniae na Canada na na NC_019158.1 -
pNDM-KN 1 162,746 K. pneumoniae 14 Kenya 2009 Human JN157804.1 (50, 51)
pNDM-US 1 140,825 K. pneumoniae 11 India/USA 2010 Human CP006661.1 (52)
pNDM-US-2 1 140,821 K. pneumoniae na -d - - KJ588779.1 -
FIIY        
pECL3-NDM-1 1 99,435 E. cloacae 265 India/Australia 2011 Human KC887917.2 This study
pEC4-NDM-6 6 110,786 E. coli 101 India/New Zealand 2010 Human KC887916.2 This study
pKOX_NDM1 1 110,781 K. oxytoca na China/Taiwan 2010 Human NC_021501.1 (18)
pNDM1_EC14653 1 109,353 E. cloacae 177 China 2014 Human KP868647.1 (42)
pNDM-EclGN574 1 110,786 E. cloacae na India/Canada na Human KJ812998.1 (49)
pP10164-NDM 1 99,276 L. adecarboxylata N/A China 2012 Human KP900016.1 (19)
pRJF866 1 110,786 K. pneumoniae 11 China 2011 Human NC_025184.1 (53)
pK351e 1 106,844 K. pneumoniae 147 Iran/USA 2014 Human KR351290.1 (40)
a Plasmids with names in  bold typeface were sequenced in this study.  526 
b na, not available; N/A, not applicable (no multi-locus typing schemes for these species).  527 
c Travel history is given if available e.g. India/Australia indicates isolation in Australia from a patient recently returned from India.  528 
d GenBank accession no. KJ588779 implies that pNDM-US-2 was extracted in China from the same strain, (ATCC BAA-2146) as pNDM-US. 529 
e pK351 was previously named pYDC644. 530 
 531 


